Two cDNA clones encoding the small proteoglycan II (PG II) of bone were isolated from a Xgtll expression library. These clones expressed recorabinant protein which was cross-reactive with polyclonal and monoclonal antisera to PG II molecules from several connective tissues. The longest clone, XPg 20 was studied in detail. The clone was shown to encode PG II by hybrid selected translation and immunoprecipitation. Northern analysis showed two species of the PG II message of approximately 1.4 and 1.8 kb. Substantial amounts of PG II message were found in bone, tendon, articular cartilage, skin, smooth muscle and cornea. Trace amounts of message were also detected in liver and brain. Radiolabeled bovine PG II cDNA hybridized to RNA from several other species including the human, rat and chicken. The level of PG II mRNA in chick embryonic fibroblasts was sensitive to transformation by Rous sarcoma virus.
INTRODUCTION
Proteoglycans contain a central protein core to which one or more glycosaminoglycan (GAG) chains and ollgosaccharides are covalently attached. These macromolecules are major components of the extracellular matrices of all connective tissues including bone, skin, sclera, tendon, cornea and cartilage (1). Proteoglycans with chondroitin sulfate GAGs comprise = 10% of the non-collagenous proteins of bone. The main bone proteoglycan, PG II (M r = 80,000-120,000) is localized within the mineralizing bone matrix (2). Similar PG II molecules have also been described in articular cartilage (3), tendon (4), skin (5), and scleral (6) connective tissue.
While no definitive function has been assigned to this protein, PG II has been demonstrated .in vitro to affect both the rate of formation and final size of synthetically precipitated type I collagen fibrils (7, 8) . Further, PG II-like molecules have been implicated as binding specifically to gap regions of collagen fibrils in many connective tissues (9) . In this paper, we describe the isolation and characterization of a cDNA encoding bovine bone PG II mRNA. The PG II cDNA was then used to study PG II mRNA distribution in different fetal tissues, interspecies cross-hybridization and the effect of viral transformation on PG II message levels in a selected cell system.
MATERIALS AND METHODS Screening of the Bovine cDNA Library
A Xgtll bovine bone library (10) was screened with specific polyclonal antisera against bovine bone PG II (11). The technique of Young and Davis (12, 13) was used with the following modifications. E. coli Y1090 cells were infected with Xgtll phage and plated at a density of 30,000 plaques/plate. Rabbit anti-bovine PG 11 antibody was used at a 1:2000 dilution for clone isolation. Plaques producing the PG Il-fl-galactosidase fusion protein were identified, amplified, and rescreened to purity (14). Characterization of Recomblnant cDNA by Restriction Analysis Recombinant phage DNA was digested with excess Eco Rl, electrophoresed in 1.2% agarose gels in E buffer (15), electroeluted and subcloned into pUC 19 plasmids. Restriction enzymes (NEB or IBI) were used under standard conditions in either single or double digests of the purified insert cDNA. Restriction fragments were Identified by ethidium bromide staining after electrophoresis in 3% agarose gels in E buffer. Northern Analysis Total RNA (16) was isolated from: (I) cultured cells obtained from bovine fetal bone (17), tendon, articular cartilage, and skin; (II) intact bovine liver, brain, corneal and aortic smooth muscle tissue (18); (III) neonatal rat calvaria, embryonic chick and human skin fibroblasts (16). In each case, 3.5 vg aliquots of the RNA were electrophoresed in 1.2% formaldehyde agarose gels and transferred to nitrocellulose filter paper as described (19) . The insert cDNA from clone )Pg 20 (see results) was nick translated to a specific activity of 3.0 x 10 cpm/vg with P (Amersham) and hybridized to the filter-bound RNA. Hybridization was carried out at 41°C. The filters were washed and autoradiographed as described (10).
Cell Free Translation and Inununoprecipitation
Cell free translation of total RNA was carried out in a rabbit reticulocyte lysate system (nuclease treated, NEN) in the presence of [
35 S] methionine (=1000 Ci/mMol, NEN) at 37°C for 1 hr. Translation was terminated by the addition of a 5-fold excess of translation sample buffer or inununoprecipitation buffer (10).
The latter mix was centrifuged at 15,000 g for 1 min at 25°C to remove debris. Polyclonal rabbit antiserum against bovine bone PG 11 coupled to protein A-Sepharose (PAS) (Boehringer Mannheim) was incubated individually with the supernatant. Antigen-antibody coupled beads were rinsed three times in PTA (10). Antigen and antibody were released from the Sepharose beads by boiling in 2X translation sample buffer. De novo synthesized protein bands were detected after 10% acrylamide gel electrophoresis (10) by fluorography at -70°C for 1-7 days. As a control, 100 yl of PAS conjugated polyclonal antisera to PG II was first incubated overnight with 75 yg of purified unlabeled bovine PG II protein. Purified chondroitin sulfate GAG chains (Sigma) as well as purified bovine osteonectin protein were treated in a similar manner. The pre-absorbed antibody was then incubated with the translation products overnight, washed three times and boiled in 2X sample buffer and electrophoresed in SDS 10% polyacrylaraide gels as described above. Hybrid Selected Translation PG II cDNA was immobilized on activated DBM paper (Schleicher and Schuell) and incubated with total bone cell RNA as previously described (10). Specifically selected mRNA was ethanol precipitated at -70°C, lyophylized, resuspended in 2.2 yl of sterile distilled water, translated in a cell free system and immunoprecipitated as described above.
In Situ Immunoreactivitv Studies
For direct immunoreactivity studies of the recombinant PG II 3-galactosidase clones, nitrocellulose filters were overlayed onto LB agar plates containing near confluent plagues of XPg 20 previously screened to purity. The overlayed plates were incubated overnight at 37°C, after which the filters were removed, cut into squares, and washed 3x in TBS. Polyclonal antibodies against purified bovine tendon PG II (4), bovine articular cartilage PG II (3) and a monoclonal antibody made against bovine skin PG II (20) were incubated with individual filters overnight at 25°C. This first antibody solution was removed and the filters again washed 3x in TBS for 10 min each. A second incubation of the filters using HRP-conjugated goat anti-rabbit antibody (Bio-Rad) at a 1:1000 dilution was performed. Filters with the fusion protein: monoclonal antibody conjugate were reacted with mouse-anti-rabbit IgG (Bio-Rad) as second antibody. The filters were developed for 10 min with l-chloro-4-napthol/10% methanol in TBS, washed once in sterile distilled water and allowed to air dry. Genomic DNA Analysis A 10 yg aliquot of bovine liver genomic DNA was digested to exhaustion by the addition of excess restriction enzymes, separated by electrophoresis in 0.8% agarose gels in E Buffer and analyzed by Southern blot (19). DNA from PG II clone XPg 20 was 32 nick translated with [ P] (Amersham) and hybridized to the Southern. After washing to remove unbound probe, the Southern blot was exposed to x-ray film and autoradiographed for 3 days.
RESULTS

Cell Free Translation and Immunoprecipitation
To determine the nature of the primary translation product of the PG II RNA, a cell free translation of mRNA obtained from cultured bone cells was performed. Figure 1 illustrates the banding pattern of a translation of total RNA (lane 2) isolated from these cells. When the total RNA was immunoprecipitated with anti-bovine PG II polyclonal antibody, two protein bands (M r = 38,000 and 40,000) were detected. The lower molecular weight protein band consistently appeared greater in intensity. Both radioactive bands were identified as PG II since their immunoprecipitation was blocked specifically by preabsorbing the antibody with excess purified PG II protein (21) Of the 600,000 phage screened with polyclonal antibody to bovine bone PG II, four strongly positive clones were isolated. The clones ranged in size from -0.2 to 1.08 kb. The two longest clones, XPg 20 and XPg 30, were selected for further characterization. These clones were 1.0kb and 0.9 kb, respectively. To confirm the identity of the cDNA clones, a hybrid selected translation experiment was performed. Total RNA from bovine bone cells was hybridized to XPg 20 which had previously been immobilized on DBM paper. Specifically bound mRNA was then thermally eluted and translated in a rabbit reticulocyte lysate in the presence of [ S] methionine. Figure  2 Bhows that after SDS-polyacrylamide gel electrophoresis, the selected translation products (lane 4) are easily distinguishable from both the endogenous proteins synthesized by the lysate system alone (lane 1) and those synthesized in a control where no PNA was added to the hybrid select system (lane 3 To determine whether the bone PG II cDNA also encoded PG II protein from other connective tissues, in situ experiments were performed. Filters containing the fusion protein encoded by XPg 20 (Fig. 3A) and XPG 30 (data not shown) demonstrated positive reactivity to polyclonal antibodies made against highly purified bovine articular cartilage and tendon PG II. Monoclonal antibody to bovine skin PG II protein wae also immunoreactive (Fig. 3B) .
Restriction Map Analysis
Restriction map analysis of XPg 20 and XPg 30 constructed by single and double restriction enzyme digestion, showed that the clones have a high degree of homology. They appear to slightly differ at their 3' and 5' termini (Fig. 4) . The size of the mRNA encoding PG II was determined by radiolabeling XPg 20 cDNA with [ P] and using it as a probe for hybridization to total RHA from cultured bovine bone cells. The clone hybridized to two species of message 1.4 and 1.8 kb in length (Fig. 5) . The 1.8 kb message appeared to be more abundant than its smaller counterpart.
RNA from a variety of bovine tissues was extracted and analyzed by Northern blot. Substantial hybridization of [ 32 P] labeled XPg 20 to PG II message was observed in cells from bone (Fig. 5, lane 1) , skin, articular cartilage (lanes 2,3), tendon and Bmooth muscle (lanes 4,5) and from corneal tissue (lane 6). After digestion of total genomic bovine liver DNA with Eco Rl, Bam HI, Kpn I and Sst I, a Southern blot was made and probed with nick translated XPg 20 cDNA. Hybridization revealed a simple pattern (Fig. 6, lanes 1-4) Figure 7 . Cross-species hybridization potential of bovine XPg 20. RNA from human skin fibroblasts, fetal calf skin fibroblasts, rat calvaria and chick embryo fibroblasts were electrophoresed, transferred to nitrocellulose and probed with radiolabeled bovine bone PG 11 clone XPg 20 (A). The filters were autoradiographed for 3 days for lanes 1,2 and 4; and 24 hrs for lane 3. On a separate Northern filter, chick embryonic fibroblasts (CEF)were probed for PG II message before and after transformation with Rous sarcoma virus (CEF-RSV) (B). Both lanes were autoradiographed for 3 days.
cDNA clone to its specific RNA was seen in all four species studied. Human fibroblast RNA also showed to be two transcripts, slightly different in size as compared to calf fibroblast mRNA (Fig. 7A, lanes 4,3) . Rat calvarial RNA, on the other hand, demonstrated message of similar size but with much less intensity (lane 2). Chick fibroblasts gave a single band with a strong hybridization signal. However the size of the chick message was = 1.0 to. On probing RNA from chick embryonic fibroblasts transformed with Rous sarcoma virus, a retrovirus, no message was detected for PG 11 (Fig. 7B) .
DISCUSSION
A fetal bovine bone cell cDNA library was screened, using polyclonal antiserum for bovine bone PG II. The antiserum had known reactivity to the unmodified PG II core as shown by cell free translation and immunoprecipitation of total bone cell RNA. The unmodified product consisted of two protein cores with apparent M of 38,000 and 40,000 on 10% SDS-PAGE. Fisher et al. (2) previously reported a doublet core of ="M 40,000 for this protein following chondroitinase ABC digestion. Since no attachment of GAG or oligosacharides occurs in cell free systems, our finding substantiates this initial observation.
The PG II clones were characterized by restriction map and Southern blot analyses and identified by hybrid selected translation. Northern analysis utilizing RNA from bovine bone cells indicated two species of message for the core proteins of PG II, approximately 1.4 and 1.8 kb in size. Analysis of bovine genomic DNA after complete digestion with various restriction enzymes revealed a very clear and simple pattern of banding after hybridization with radiolabeled Pg 20 cDNA. Complex or intricate banding patterns indicate a multigene family encoding the same are related proteins (32) . The simplicity of our genomic hybridization pattern suggests that 'there may be only one copy of the PG II gene per haploid genome. It is possible that this heterogeneity in size of the PG II mRNA may arise from alternate processing of the mRNA such as utilization of multiple polyadenylation sites as has been demonstrated for flbronectin (22) and the a2(I) collagen gene (23) (24) (25) . It is interesting to note that while the smaller PG II translation product appears greater in abundance (Fig. 1,2 ), the inverse relationship is observed for the two species of PG II raRNA (Fig. 5) . While it is tempting to speculate that the larger message may encode for the smaller protein, further studies must be done to ascertain the correlation between the two messages and the two protein cores.
PG II is the dominant proteoglycan of mineralizing bone (26) . Similar molecules have also been reported in other connective tissues (1). The fusion protein (PG II-pgalactosidase) encoded by our PG II recombinant DNA (in Xgtll) was inununoreactive when exposed to polyclonal and monoclonal antibodies made in four different laboratories against highly purified bovine bone, tendon, skin and articular cartilage PG II molecules. We also examined total RNA populations of several bovine connective tissues for the presence of message for PG II. Northern analysis of RNA from fetal bovine brain and liver did not show appreciable levels of PG II mRNA. However, with prolonged exposure of the autoradiographs, a low level of hybridization was detected, most likely due to contamination of our tissue preparations with vascular and capsule fibroblasta. Parenchymal cells of the liver have been shown to produce proteoglycans containing heparan sulfate GAGs but no evidence for the cross-reactivity of this molecule with the small PG II molecule (27) has been previously demonstrated.
Bone, articular cartilage, tendon, aorta and cornea have all been shown to contain a population of small proteoglycans having similar amino acid composition (28) . These proteoglycans have been postulated to comprise two distinct classes: PG-Sm I (cartilage and aorta) and PG-Sm II (bone, cornea, sclera and tendon) based on their immunological cross-reactivities and crude peptide mapping patterns (28) . The data from our tissue specificity Northern analysis imply a greater degree of homology between these core proteins than previously realized. This high degree of homology does not preclude the possibility that: (1) there are subtle differences in the core proteins of different tissues and (2) that dermatan sulfate (DS) or chondroitin sulfate (CS) GAG chains may be assembled on the same protein core. With respect to the latter possibility, the mechanism for the predilection of DS or CS GAG chain attachment has yet to be elucidated.
PG II message was detected by our bovine probe in tissues from man, chicken and the rat, suggesting that the structure of this protein is highly conserved. The sizes of the messages were similar in calf, human and rat, but much smaller (1.0 kb and present as a single band) in chick embryo fibroblasts.
By examining the level of PG II mRNA in fibroblasts and fibroblasts tranformed with Rous sarcoma virus, it was determined that, like fibronectin (29) , type I collagen (30, 31) , and more recently osteonectin (10), the expression of PG II mRNA is directly sensitive to this transformation. The mechanism for this dramatic decrease in expression has not yet been elucidated but may arise from the expression of the V-src gene (30, 31) . These results indicate that these matrix proteins may be under coordinated expression.
The isolation and characterization of a cDNA clone for the small proteoglycan II of bone and other connective tissues provides a useful tool for probing the numerous ambiguities and complexities surrounding these molecules. The data presented herein favorably support the hypothesis of a unique gene encoding message for PG II core proteins of related function (interaction with connective tissue molecules for proper matrix integrity) and distribution (connective tissue). Knowledge of regulation of gene expression and post transcriptional modifications of the PG II core proteins will directly impact on our understanding of the synthesis and function of this protein in normal and diseased states.
